ABSTRACT Surveys of Herbig Ae/Be stars have indicated that infalling, circumstellar gas similar to that routinely detected toward b Pic is preferentially observed close to the disk midplane. Recent millimeter interferometry of the historically prototypical Herbig Ae star, AB Aur, indicates that this star is viewed slightly above the disk midplane (i \ 76¡). The wealth of archival spectroscopic data for this star makes it an ideal test of the geometry for infalling or accreting gas in these stars. We present a review of the extant IUE and Hubble Space T elescope GHRS spectral data for AB Aur and Ðnd, in contrast to previous studies of this star, which focused on Mg II, that infalling gas is detected at all epochs with covering factors similar to those reported for HD 100546 and that an episode of enhanced infall was serendipitously detected during the 1990 monitoring run.
INTRODUCTION
Recent spectral surveys of intermediate-mass preÈmain-sequence (PMS) stars, the Herbig Ae/Be (HAeBe) stars, have yielded detections of infalling, circumstellar gas similar in velocity, proÐle shape, and ionization to material routinely seen toward b Pictoris (Grady et al. 1996 ; Grinin et al. 1991 Grinin et al. , 1994 . The presence of a large number of stars polarimetrically identiÐed as being viewed essentially equator-on to the star (Grinin & Rostopchina 1996) among the stars with infall detections led to the suggestion that the infalling material is closely conÐned to the disk plane and does not exhibit the latitude-independent infall characteristic of T Tauri stars (Edwards et al. 1994 ). The presence of departures from cosmic or gas-phase abundances in the infalling material suggests that, as in b Pic, the infalling gas features may be associated with solid bodies in the disk (Beust et al. 1996) . A critical test of this model for the infall activity in the optically visible HAeBe stars is to determine whether similar activity is observed in all systems when viewed close to the disk midplane.
AB Aur (HD 31293, A0 Ve]sh ; , is surThe rounded by a 450 AU gas and dust disk (Mannings & Sargent 1997) viewed at i \ 76¡ (Miroshnichenko et al. 1997) . Detection of photometric variability consistent with variable circumstellar extinction (Skrutskie et al. 1996) suggests that our line of sight grazes the upper margin of the dust disk. AB Aur is apparently a single star (Pirzkal et al. 1997 ; Leinert et al. 1997 ; Testi et al. 1997) but is part of a common proper motion pair with the classical T Tauri star 1 Guest Observer, International Ultraviolet Explorer, operated by NASA at Goddard Space Flight Center.
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SU Aur (Zinnecker & Preibisch 1994) . The star has an evolutionary age of 2È4^1 Myr (van den Ancker et al. 1998 ; Natta et al. 1997 ; deWarf, Guinan, & Shaunnessy 1998) . AB Aur has been the subject of several synoptic observing campaigns documenting periodic modulation of a strong stellar wind (Praderie et al. 1986 ; Catala et al. 1987 Catala et al. , 1997 , including species up to C IV (Catala 1988) and N V (Bouret et al. 1997 ). We present a reanalysis of the UV high-dispersion (R B 20,000) data for AB Aur, to test the hypothesis of Grinin & Rostopchina (1996) that this star should exhibit infalling, circumstellar gas.
ARCHIVAL DATA AND REDUCTION
The UV spectral observations of AB Aur span 1978È1996 with IUE data from 1978È1995, Hopkins Ultraviolet Telescope (HUT) and the Wisconsin Ultraviolet PhotoPolarimeter Experiment (WUPPE) observations made on 1995 March 11, and Hubble Space T elescope (HST ) GHRS G140M spectra obtained on 1996 February 23. The WUPPE data are discussed by Miroschnichenko et al. (1997) . The GHRS data consist of two segments, one centered on the N V resonance doublet and discussed by Bouret et al. (1997) and one centered on C IV. The C IV absorption proÐle, with signal-to-noise ratio (S/N) B 15È 16, similar to the bulk of the IUE data, shows a proÐle typical of the IUE observations and will not be further discussed.
The IUE data, a body of 307 spectra, include 109 lowdispersion spectra, 96 obtained with the SWP camera and covering 1150È2000
and 198 high-dispersion spectra (25 A , km s~1 resolution) consisting of 175 mid-UV (LWR and LWP) and 23 SWP observations. The mid-UV IUE data for AB Aur include isolated observations and, more impor- tantly, six synoptic studies (Table 1 ). The AB Aur data set thus provides us with a unique opportunity both to examine the long-term behavior of a Herbig Ae star and its circumstellar environment, and to probe the temporal variability of the wind and circumstellar gas. The SWP data were obtained at eight epochs and include three sparse time series obtained during the 1986, 1990, and 1992 mid-UV time series, with the most complete temporal coverage during the 1990 series. Compared with modern instruments, the IUE detectors have a limited dynamic range in any given exposure. The bulk of the mid-UV spectra was optimally exposed for the continuum near 2800 resulting in overexposure of the A , Mg II emission features in some spectra but providing usable data from 2500 to 3100
In common with other A A . stars, AB AurÏs spectrum drops rapidly in Ñux toward shorter wavelengths for j ¹ 2000
Combined with the A . dynamic range limitations of the SWP camera, this e †ect results in SWP data that are more heterogeneous in exposure duration than the mid-UV data. The SWP data for AB Aur consist of one 900 minute (SWP 27536) exposure optimized for j \ 1300È1560 four 300 minute exposures A , (SWP 27545, 27548, 27549, 27552) optimized for j \ 1400È 1780 and a number of 120È180 minute exposures opti-A , mized for j º 1700 A .
The archival spectra involved in the time series were obtained at both the NASA/GSFC and VILSPA ground stations. As of 1997 October, spectra reprocessed with the NEWSIPS algorithms were available only for the GSFC observations. To ensure a homogeneously reduced data set, we have worked with the older IUESIPS-processed versions of the spectra and have reduced the data as described by et al. (1993) . With this reduction, the mid-UV data Pe rez have typical continuum S/N \ 21 at 2810 and 14.5 at A 2635
For the 150 minute SWP data, the typical contin-A . uum S/N \ 26.5 at 1775^1 14.5 at 1528^1, and 8.2 at A , 1385^1 A .
THE 1990 SYNOPTIC OBSERVATIONS
Previous UV studies of AB Aur focused on the Mg II resonance doublet and especially the wind absorption with v ¹ [200 km s~1 (Praderie et al. 1986 ; Catala et al. 1987 ; Catala 1988) . These studies found a 32 hour period that has been interpreted as the imprint of the stellar rotation period on the wind. The Ðrst indication that the AB Aur data contain additional information came from a dynamic spectral image of the 1990 time series (Fig. 1) , prepared for a review paper on HAeBe stars & Grady 1998). (Pe rez Dynamic spectral images provide a compact format for displaying spectral time series (Prinja et al. 1995 (Prinja et al. , 1997 Massa et al. 1995a Massa et al. , 1995b Howarth et al. 1995) . However, much of the physics in the image is implicit in the data normalization. Studies of OB winds typically normalize the series by the minimum absorption spectrum obtained during the series, e †ectively assuming that the minimum absorption state is a basal state for the wind and that the time series is long compared with the timescale of enhanced wind episodes. Both assumptions may not apply to PMS stars.
Instead, we have normalized the 1990 time series by the mean spectrum for the series, e †ectively the average of the Ðrst 2 days of the series, when the temporal density of spectra was highest. At the S/N of the IUE data, changes in absorption features di †ering from the mean spectrum by º20% of the local continuum level can be identiÐed conÐdently in the normalized image. To our surprise, the 1990 data showed little wind variability during the 2.97 day series and the unexpected presence of a redshifted, transient absorption feature. The strength of the transient absorption and its velocity extent increases toward the end of the series. When individual spectral proÐles are considered (Fig. 2a) , the transient feature seen in the dynamic spectrum is visible as a decrease in the net Mg II emission. By itself, this kind of a proÐle change could be caused by either a change in the circumstellar emission or superposition of an absorption component in the same velocity range as the Mg II emission. Inspection of Fe II and Mn II line proÐles for the same spectra ( Fig. 2b) shows that while the net Fe II proÐle was comparable in strength to the A0 V comparison star, 68 Oph, at the beginning of the series, by the end of the series all of the Fe II and Mn II proÐles showed increased absorption redward of line center, ruling out a change in just the emission components. When spectra from the end of the run are normalized by spectra from the beginning of the series, the enhanced absorption exhibits Ñat absorption troughs over 100È300 km s~1, with a maximum depth of 40%^10%. Such absorption proÐles are seen in similarly normalized spectra of HD 100546 and b Pic. Following Grady et al. (1997) , we interpret these features as indicating changes in the e †ective obscuration of the stellar disk by opaque material.
3.1. T he 1990 T ime Series in the Far-UV SWP data were obtained during the 1990 series at 8 hour intervals with minutes, sampling the wind at t exp \ 150 */ \ 0.25 for a 32 hour period, for the Ðrst 48 hours of the run, with a Ðnal observation at the end of the run. All spectra in the series show infalling circumstellar gas in Fe II, Al II, and Si II as well as in Al III (Fig. 3a) and Fe III (34) (Fig.  3b) . At shorter wavelengths, in the low S/N portions of the spectrum, C IV can be followed to ]400 km s~1 (Fig. 4) and C II can be followed to ]500 km s~1. The similarity of the proÐles from di †erent ions and transitions indicates that the infalling gas is optically thick in the higher oscillator strength transitions. For the Ðrst 2 days in the series, transitions of moderately ionized species do not show signiÐ-cant variability, at the S/N of the IUE data, whereas changes are observed in the Al III and especially C IV proÐles over ]50 km s~1 \ v \ ]400 km s~1. SigniÐcant changes are seen in all species between the beginning of the series and the lone spectrum at the end of the series. When the proÐles from the end of the series are normalized by proÐles from the beginning of the series, the resulting enhanced absorption proÐles are similar to the mid-UV data and are consistent with saturated absorption that does not fully obscure the star.
The IUE data also provide evidence for the presence of neutral atomic gas in the immediate vicinity of the star. Compared with stars such as 51 Oph and HD 100546 in a low infall state, all of the C I multiplets (Fig. 4) be followed in this line to at least ]150 km s~1, with a proÐle similar to the lower oscillator strength Fe II transitions. The temporal behavior of the proÐle depth is similar to that of other ions, indicating a common origin.
3.2.
Comparison with AB Aur at Other Epochs AB Aur routinely exhibits type I P Cygni proÐles in Ha and Mg II (Praderie et al. 1986 ; Imho † 1994 ; Catala 1994) . Mg II proÐles from the 1990 series, while retaining this character, show unusually weak high-velocity (v ¹ [200 km s~1) wind absorption, which is sufficiently weak during the last half of the series that incipient type III emission is detectable (Fig. 2a) . The red emission component is also substantially weaker than usual, with the di †erences from a representative spectrum particularly prominent at ] 8 km s~1 \ v \ ]200 km s~1 at the beginning of the series and extending over the full ] 8 km s~1 \ v \ ]400 km s~1 range by the end of the series. While the instrumentally unsaturated Mg II proÐles are typically optically thick, the ratio (h/k) for the red emission component increases from 1.43^0.15 at the beginning of the series to 2.1^0.15 by the end of the run. This increase is accompanied by a decrease in the strength of the Mg II emission and is consistent with increasing obscuration of the immediate vicinity of the star making more distant wind material detectable in the integrated light spectrum. When normalized by more typical spectra of AB Aur, the Mg II proÐles obtained toward the end of the 1990 time series are consistent with obscuration of 50% of the stellar disk at ]200 km s~1, or more if the Mg II emission originates at some distance from the stellar photosphere (Grady et al. 1997 ). The Fe II and Mg II proÐles from the 1990 time series also exhibit less net red emission (Fe II) and enhanced redshifted absorption relative to more typical spectra.
The changes between the 1990 time series data and the other UV spectra of AB Aur are less pronounced in the far-UV than in Mg II. Prominent wind absorption is routinely detectable in both moderately ionized species such as Si II and Al II and in collisionally ionized (Bruhweiler et al. 1989 ) species such as C IV, Si IV, and Al III and is typically saturated over [ 200 km s~1 ¹ v ¹ 0 km s~1. Epoch-toepoch wind variability is conÐned to v ¹ [200 km s~1.
While the wind absorption visually dominates the individual line proÐles, excess redshifted absorption is present relative both to main-sequence B9ÈA0 stars (Grady et al. 1996) and to HD 100546 (low infall state ; Grady et al. 1997 ) in all of the far-UV spectra, including both the GHRS segment covering C IV and the entire IUE high-dispersion data set for this star. The infalling gas is especially conspicuous in C II and C IV. The line proÐles from the beginning of the 1990 time series are broadly typical of the bulk of the far-UV data for this star, especially the GHRS and WUPPE coordination observations, with the exception that the high-velocity wind absorption is sufficiently weak that C IV shows an inverse P Cygni proÐle. The proÐles from the end of the series, however, show striking enhancements in the redshifted absorption. The enhanced redshifted absorption in Al III is also seen in transitions of Fe III (34), which is not visible in the outÑowing material.
THE COMPOSITION OF THE INFALLING MATERIAL
To quantify the strength of the redshifted absorption features, we measure covering factors, as discussed by Grady et al. (1997) , and measured at 50 km s~1 at the beginning and end of the 1990 series (Table 2 ). Using the HD 100546 minimum infall data as an estimate of the continuum in the absence of the heavy line blanketing of the AB Aur spectrum, the spectra at the beginning of the 1990 time series show infalling gas covering factors of between 60% and 65% in the optically thick transitions of carbon, silicon, and aluminum over 50È100 km s~1, increasing to at least 80% by the end of the series. At the end of the series the circumstellar absorption is very close to the instrumental scattered light level for IUE data, and thus the strength of the absorption may be underestimated.
A wide range in ionic covering factors is present in the AB Aur data, with small covering factors for species such as N I and Zn II, intermediate values for the iron ions, and high covering factors for the aluminum, silicon, and carbon ions. Similar behavior in successive ionization stages of carbon, silicon, iron, and aluminum excludes ionization e †ects as the source of the range in covering factors. Likewise, the presence of infalling material (only) in Fe III (34) indicates that the infalling material has signiÐcantly higher density than the bulk of the stellar wind. We do not Ðnd a simple correlation with gas-phase condensation temperature for the covering factors for the elements (Jenkins 1987) and do not Ðnd any indication that species that are normally heavily depleted onto grains both in the interstellar medium and under conditions expected for protoplanetary disks are underrepresented in the infalling material. Making use both of our volatile element data and detections of infalling He I in the literature et al. 1996), the smallest covering (Bo hm factors are seen for species such as He I, which do not deplete onto grains, except when trapped in clathrates. On the contrary, species that should preferentially be associated with grains are heavily represented in the infalling material, suggesting that we are viewing material that has been returned to the gas phase after residence in the solid state. This is not the behavior expected for a classical accretion disk, where the volatile gases should dominate any infalling material.
The covering factor data can also be used to place broad constraints on the composition of the progenitor grains. The iron ion covering factors in the AB Aur disk more closely resemble those of N I and other volatile to semirefractory species than refractory elements such as silicon, aluminum, and to a lesser extent magnesium. This suggests that rather than originating in refractory grains such as silicates or in pure metal grains, the bulk of the iron may come from semirefractory grains such as iron oxide or sulÐde. The fact that the infalling material is more conspicuous in Mg II than in the iron ions, coupled with the greater silicon covering factors, implies that the silicates in this system are somewhat Mg rich, although less conspicuously so than in the HD 100546 disk (Grady et al. 1997) .
A striking feature of the AB Aur data is the presence of infalling material in a wide range of carbon ions. While carbon may have a variety of origins in refractory grains, diatomic gas, and volatile ices, the similarity of the carbon ion covering factors to those of silicon and aluminum suggests an origin similar to the silicate and refractory grain dissociation products, rather than via photodissociation of the CO detected via millimeter interferometry (Mannings & Sargent 1997) or via sublimation of volatile ices.
Under the conditions of a protoplanetary disk (Owen 1997) , the presence of N I in the infalling gas indicates the presence of low-temperature volatile ices associated with the infalling material and is consistent with the detection of infalling He I in optical spectra of this star et al. (Bo hm 1996) , since He I may be trapped in icy clathrate structures. Crystalline water ice features have previously been reported in the disk of HD 100546 (Malfait et al. 1998b) , however, the presence of N I in the infalling gas provides the Ðrst direct indication of the presence of low-temperature volatiles in the infalling material associated with a Herbig Ae star.
THE NATURE OF THE INFALL EVENTS
There are several potential sources of the infalling material that have been proposed for PMS stars similar to AB Aur : more or less steady accretion from the disk, channelled accretion onto the star, and bombardment of the inner portions of the disk by larger, star-grazing bodies exhibiting cometary activity. In contrast to previous studies of AB Aur, we Ðnd signatures of infalling circumstellar gas in all high-resolution UV spectra from 1978 to 1996. The enhanced infall episode serendipitously sampled during the 1990 time series shows a pattern of covering factors that is more consistent with grain dissociation products than with the predominantly volatile-rich gas expected in a standard accretion disk. The lower level of infall sampled in the far-UV spectra of AB Aur at other epochs appears similar, especially in the detection of neutral atomic gas species with short photoionization lifetimes (e.g., C I, N I ; see below).
The routine detection of infalling material in the spectrum of a young, PMS object with a strong and apparently structured stellar wind suggests a strong parallel with T Tauri stars. For T Tauri stars, the simultaneous presence of infall and wind signatures and the lack of conÐnement of the infall signatures to the vicinity of the disk plane prompted development of magnetospherically channelled accretion models whereby material from the accretion disk is funneled onto a localized hot spot corotating with the stellar rotation period (Edwards et al. 1994) . While periodic or quasiperiodic modulation of AB AurÏs wind has been detected (Praderie et al. 1986) , the duration of the 1990 infall episode is longer than the inferred 32 hour stellar rotation period (Fig. 1 ) and is inconsistent with localization of the infall activity to speciÐc phases in the stellar rotation period. The duration of the high-infall episode sampled in 1990 is comparable to similar episodes monitored in the spectrum of b Pic (Beust et al. 1996) .
As in other HAeBe stars, the infalling material is visible in a wide range of ionization stages at the same velocity, including species such as N I and C I with short photoionization lifetimes (Sorelli et al. 1996) in the radiation Ðeld of an A0 star. As noted by Grinin et al. (1994) , Grinin, Kolotilov, & Rostopchina (1995) , and Sorelli et al. (1996) , the presence of neutral atomic gas species at velocities º]100 km s~1 and overall infall velocities as high as ]500 km s~1 excludes transportation of the neutral atomic gas in that state, unless the optical depths of the infalling material are extremely high. Globally high optical depths for the circumstellar material in the line of sight to AB Aur can be excluded by the minimal continuum veiling (Corcoran & Ray 1997 ) of photospheric line proÐles in the optical (Bo hm et al. 1996) . Similar but more stringent constraints apply to the transport of the carbon in the form of CO. In tandem with the covering factor data, the velocity and ionization are consistent with transportation of the infalling material in the solid phase and in situ production of the gas. However, given the youth of the AB Aur system, some contribution to the infalling material from more classical disk accretion processes cannot be excluded.
The high-infall velocities are incompatible with small grain transport processes (Sorelli et al. 1996 ; Grinin et al. 1994 ) and indicate that the parent bodies are sufficiently large to experience minimal drag during infall, despite abundant circumstellar gas. Detection of weak Si II (1) absorption, similar to that observed toward HD 100546 in its high-infall state (Grady et al. 1997) , argues that the single-epoch mass of the infalling gas, if recondensed, is compatible with a kilometer-sized object, assuming Halleylike composition, or a body several kilometers in size assuming "" cosmic abundances.ÏÏ The 1990 data demonstrate that excursions accounting for an additional factor of 2 are present with unknown frequency, while the basal infall level appears to be routinely present. While ballistic constraints provide a lower limit to the size of the parent bodies, an upper limit is provided by the detection of dissociation products of low-temperature volatile ices. The presence of N I in the infalling gas spectrum indicates that the bulk temperature of the parent bodies has remained below 120 K since formation and therefore the bodies are sufficiently small that chemical fractionation has not occurred. The parent bodies, therefore, meet our expectations for primitive planetesimals resembling solar system comets both in size and composition. For comets, the covering factor data, or equivalently the size of the coma, should measure the combined e †ects of the lifetime of the observed ion and the progenitor species. Primary volatiles should have the smallest covering factors, and species originating from the disintegration of grains at some distance from the parent body should exhibit the largest covering factors. The UV data for the infalling material in the AB Aur disk are consistent with this model.
SUMMARY
Detection of infalling gas in the spectrum of AB Aur conÐrms the prediction of Grinin & Rostopchina (1996) that infalling, circumstellar material is detectable when the star is viewed close to equator-on. AB Aur di †ers from older HAeBe stars such as HD 100546 in showing infalling material at all epochs and in the presence of a strong and variable wind, similar to that observed toward coeval T Tauri stars. The velocities, detected atomic ions, and variability of the infalling material are consistent with predictions of the infalling evaporating body model (Beust et al. 1996) for planetesimals resembling solar system comets.
The presence of abundant superrefractory elements in the infalling gas is consistent with the exocomets being sampled in the AB Aur system originating closer to the star than those that are currently sampled in the older HD 100546 system. The high basal level of infall activity, together with the lack of detections of periods of minimal infall, such as are seen in the older HD 100546 and b Pic systems, together with the detection of low-amplitude photometric variability consistent with obscuration of the star by dust clouds (Skrutskie et al. 1996 ; van den Ancker et al. 1997) suggests that clearing of the inner disk of AB Aur is only now beginning.
This suggestion is supported by the lack of a prominent "" gap ÏÏ in the IR spectral energy distribution (Malfait et al. 1998a ). The presence of routine detection of infalling material, with only sporadic enhancements, rather than the more clearly episodic infall seen in the older HD 100546 and b Pic systems suggests that in addition to the activity of any star-grazing bodies, other accretion mechanisms may still be operating in the AB Aur disk. If episodic infall, such as has been observed in b Pic (Deleuil et al. 1995) is due to resonances in the disk due to the presence of one or more gas giant planets (Lecavalier des Etangs et al. 1996 ; Lissauer 1997) , the infall data for AB Aur indicate that such large bodies have either not formed or require longer than 2È4 Myr to produce unambiguous, macroscopic e †ects on the disk that can be remotely sensed. When coupled with the presence of such activity in b Pic (t º 8 Myr ; Crifo et al. 1997 ) and HD 100546 (Grady et al. 1997) , the AB Aur data constrain the epoch at which gas giant planets can potentially become indirectly detectable near single, intermediatemass stars to 2È4 Myr \ t \ 8È10 Myr. This study was supported by NASA Contract NASW 4756 to Eureka ScientiÐc and through HST STIS GTO funding through support to AURA/NOAO in response to NASA A/O OSSA-4-84 through the Hubble Space T elescope Project at Goddard Space Flight Center. Analysis of the IUE and GHRS data was carried out in the Laboratory for Astronomy and Solar Physics, NASA/GSFC. We wish to thank Keith Feggans of Advanced Computer Concepts for assistance with the GHRS data. We also wish to thank the referee, Vladimir Grinin, for valuable comments that have improved the paper. This study has made use of SIMBAD and the bibliographical services of the NASA Astrophysics Data System.
